We have measured the relative intensities of the nitrogen Vegard-Kaplan b?nds N2(A 38z-X 'Z,$) for transitions covering a range in Y centroids between 1.22 and 1.48 A. With this data we constructed a relative electronic transition moment function that diverges significantly from previously reported functions. We place our data on an absolute basis by normalizing our relative function by the experimentally determined Einstein coefficient for the u' =0 to U" = 6 transition. Combining our normalized data from 1.22 to 1.48 A with absolute transition moment data measured by Shemansky between 1.08 and 1.14 A results in a function covering the range between 1.08 and 1.48 A. The radiative lifetimes calculated from this function are longer than those currently accepted by amounts varying between 25% for v'=O%-50%
I. INTRODUCTION
derived from the Carleton and Oldenberg experiment.
For most of the last 20 years, the radiative lifetime of N, (A 32,') has been accepted to be 1.9 s. This lifetime and the associated Einstein coefficients for N2(A 38z-X 'Z$) transitions, the Vegard-Kaplan bands, are based on Shemansky's' measurements of the absorption coefficients of the 6-O through 12-O Vegard-Kaplan bands in the vacuum ultraviolet and his reanalysis' of a measurement by Carleton and Oldenberg of the Einstein coefficient of the O-6 transition.
Carleton and Oldenberg simultaneously measured the absolute photon-emission rate of the O-6 Vegard-Kaplan band and the absolute number density in U' =0 of the A state via resonance absorption on the 1-O transition of the nitrogen first-positive system N,( B 'Q-A "8: ) . Shemansky and Carleton* corrected the original data with an improved set of line strength factors needed to analyze the absorption measurements correctly. Assuming that the experimental observations of Carletqn and Oldenberg are accurate, and that the reanalysis of the absorption measurements is correct, then the derived Einstein coefficient for the 0,6 Vegard-Kaplan band depends directly on the accuracy of the Einstein coefficient for the 1,0 band of the first-positive system. Shemansky Our subsequent experimental determination9 of the N2 ( B-A) transition-moment variation confirmed Werner et al. set of theoretically calculated lifetimes. The corrected value of the 1,0 Einstein coefficient of the Nz first-positive system 7.48 x lo4 s-l, however, is only 12% less'than that of Shemansky and Valiance Jones. This reasonable agreement between the two Einstein coefficients is fortuitous because the two transition-moment functions happen to be close together at the internuclear separation appropriate to the 1,0 transition. They diverge widely at other internuclear separations and give much different Einstein coefficients for other important transitions.
The uncertainty in the data used to derive the Einstein coefficients for the Vegard-Kaplan bands is stated' to be about 20%. Making a 12% correction to these Einstein coefficients, therefore, hardly seems justified. However, our difficulties fitting Vegard-Kaplan spectra, particularly at wavelengths larger than 400 nm, indicated that the shape of the transition-moment function might be errant. A reinvestigation therefore seemed warranted.
Several years ago, we questioned the accuracy of some of the input data used to analyze the Carleton and Oldenberg experiment' and suggested that the radiative lifetime of N, (A, v=O) could be 40% larger than the accepted value. Werner et al. ' ab initio calculations of the electronic transition moment for the N,( B 311g-A 38z) transition appeared to support our contention. Their results indicated the accepted values for the radiative lifetimes of the lowest vibrational levels of N2( B) were probably seriously in error, perhaps being as much as 40% too low. This suggested to us that the Einstein coefficient for the N,(B-A) 1,0 transition could be in error by a like amount. The result then would be a 40% error in the N,(A) lifetime
We have measured relative intensities in a number of Vegard-Kaplan bands covering a range of wavelengths between 220 and 500 nm. The transition moment function we derive from these data differs significantly from those previously proposed. lo-'* Einstein coefficients calculated with our transition-moment function are up to 60% smaller than those Shemansky published and our calculated radiative lifetimes are between 25% and 60% longer for u' = O-6.
II. EXPERIMENT
The experimental apparatus (see Fig. 1 ) is a 2 in. diameter discharge-flow reactor configured to allow spectral observations along the flow tube axis. N*(A) entered the observation vessel from a sidearm normal to the flow tube axis, but parallel with and just in front of the slits of the monochromator used for the spectral measurements. A CaF2 window sealed the upstream end of the flow tube. The window transmission is nearly uniform over the spec- tral range investigated in these studies 220-500 nm. Small reductions in transmission at the shortest wavelengths were incorporated into the data analysis.
The energy transfer reaction between metastable Ar*(3Po,z) and N2 (Refs. 13 and 14) generated N*(A). This reaction produces NZ( C 311,> which radiates immediately to the NZ( B 311g) state. Subsequent radiative and collisional cascade from N,(B) makes the highly metastable N2 (A 3X: > . A low-power, hollow-cathode discharge, sustained in a flow of argon or 5%-10% argon in helium produced Ar". N2 mixed with Ar* downstream from the discharge. Helium bath gas relaxes the vibrational distribution of N2(A ) so that only v'<2 is observed (see Fig. 2 ). In an argon bath gas, emission from v'<4 is readily observed (see Fig. 3 ).
A 0.5 m monochromator having a 1200 line mm-' grating blazed at 250 nm collected and dispersed radiation emanating from the flow tube. A thermoelectrically cooled HTV R943-02 photomultiplier tube connected to a photon-counting rate meter and lab computer detected the dispersed radiation. The relative variation in monochromator response as a function of wavelength was determined from measurements of the spectra emitted from standard D, (180-400 nm) and quartz-halogen lamps (280-500 nm) (Optronic Laboratories). The lamp output was reflected into the monochromator off a uniformly scattering, diffuse white target (Spectialon). This procedure ensured that the monochromator optics were filled and eliminated possible errors resulting from such things as nonuniformities in reflectivity across the face of the grating or in sensitivity across the face of the photomultiplier. The two lamps gave 'congruent response functions (within 5%) over the spectral region common to them both, 280-400 nm.
Most of the spectra were generated at conditions that minimized, as much as possible, interfering emissions from the nitrogen second-positive bands N2( C 3IlU-B 311g) and the NO gamma bands NO(A 2~+-X211). N,(A) energy pooling reactions generate the second-positive emission15 while the energy transfer reaction between N,(A) and NO excites the gamma bands.' The hollow cathode.discharge makes small number densities of NO from the impurities in the gases used. The advantage of the axial observation configuration is. that band intensity-measurements with good signal to noise ratio can be made with N*(A) number densities sufficiently low that N,( C3111,) production from N,(A) energy pooling is relatively minor, and at total pressures low enough to keep NO production rates in the d.c. discharge small.
A spectral fitting procedure we have detailed previouslyg aided data analysis. Synthetic spectra are generated by first multiplying a set of vibronic level populations by a set of basis functions representing the intensity of a unit population of each vibronic level as a function of wavelength. The intensities of each band at each wavelength increment are then summed to determine an overall spectral intensity. A least squares solution determines the set of vibronic level populations giving a predicted spectrum that best matches the experimental one. The important spectral features between 200 and 500 nrn are the nitrogen Vegard-Kaplan bands N&4 32z-X '2,$) , nitrogen secondpositive bands N,( C 311U-B 311,), and nitric oxide gamma bands NO(A '2+-X 211).
To generate synthetic spectra, we used the spectroscopic constants of Roux et al. '6,'7 for the A and B electronic states of N,, those in Lofthus and Krupeniei' for the C and X states of N2, and those tabulated in Huber and Herzberg" for NO A and X. Einstein coefficients used in the fit were from Lofthus and Krupenie for N, ( ments of the A state of nitrogen exist. What is available is Carleton and Oldenberg's determination of the Einstein coefficient of the 0,6 band of N,(A) as reanalyzed by Shemansky and Carleton2 and corrected here for the improved value of the N,( B-A) Einstein coefficient.
Another method for obtaining absolute transition moment values is from oscillator strengths determined from absorption measurements. The transition moment in this case is given by R,( Yu,ut,) = Shemansky measured a set of oscillator strengths for the absorptions from u" =0 of the X state to U' = 5-12 of the A state. These values can be converted to transition moments over the range of internuclear separations between 1.084 and 1.129 A.
Ill. TRANSITION MOMENT VARIATIONS
Our data analysis is based on the r-centroid approximation as first described by Fraser22 and ,developed by Nicholls23 and McCallum.24 The intensity of radiative emission from an electronic transition is given by the product of the upper state number density and the Einstein coefficient for spontaneous radiation
The Einstein coefficient A,t,tt can be written as 64n4 A "*"If ---3h 4"I"IlY;,"It 1 R,(~",",,) 1 2,
(1) (2) where qulV~~ is the Franck-Condon factor for the transition; Y,I,II is the transition frequency in cm-'; R,(F) is the electronic transition moment, a function of internuclear separation; and Fury,, is the r centroid of the transition, an average internuclear separation for the transition. Determining Einstein coefficients requires that the variation in the transition moment as a function of internuclear separation be established over the range of important transitions and that the absolute value of the transition moment be determined for at least one point.
Relative variations in the transition moment function usually can be determined over a wide range of internuclear separations from measurements of relative band intensities in a progression from a common upper level. Dividing the measured band intensities by qU,U,,vi,U,, results in reduced intensities that are a function only of the square of the transition moment 
where K=64r4/3h.
The form of the transition moment function is then given by a fit of the square roots of the reduced intensities to their corresponding Y centroids which are, in essence, effective internuclear separations at which each transition occurs.
The relative function often can be normalized so that the sum of Einstein coefficients in a progression yield the reciprocal of the radiative lifetime of the state under investigation. In the present case, no accurate lifetime measure-
Our measurements of relative intensities of bands in four different progressions of the Vegard-Kaplan band system establish the shape of the transition moment function. Shemansky and Carleton's Einstein coefficient for the 0,6 band normalizes our data to give an absolute transition moment function for internuclear separations between 1.22 and 1.48 A. Finally, combining our normalized data with the results of Shemansky's absorption measurements results in a transition moment function covering the range of internuclear separations between 1.08 and 1.48 A.
IV. RESULTS
We fit our spectra in a number of segments each containing no more than one Vegard-Kaplan emission band from each of the progressions emanating from u' =0-3. Figures 2 and 3 show two of the spectra we took for this study, while Figs. 4 and 5 show small spectral segments to illustrate the fitting procedure. The spectral fits give relative intensities within each progression. Dividing these relative intensities by the product qvru,v~,u,, converted them to a set of reduced intensities covering a range of wavelengths, or equivalently, Y centroid values. The square root of the reduced. intensities vary from one another with changes in Y centroid in the same fashion that the transition moment function varies as a function of internuclear separation. Our data set consisted of the transitions u'=l to v"=4, 5, [7] [8] [9] [10] [11] [12] [13] [14] Our data fitting procedure involved fitting the data from just one of the progressions first. A quadratic function represented the data adequately. The other progressions were then normalized by the factor that resulted in the smallest sum of the squares of the relative residuals between the data and the initial quadratic function. The relative residual is x= I;Relfit-IReImeasured IKlfit .
We then refit this combined data set to a new quadratic function and then renormalized the reduced intensities in each progression to minimize again the sum of squares of the residuals between the renormalized data and the new quadratic function. After several iterations, the renormalization procedure failed to improve the sum of squares of the residuals to any significant extent. We then established absolute values for our relative data by multiplying each point by the factor necessary to make the value of the relative transition moment function at 1.294 A, the Y centroid for the 0,6 transition, equal to the value determined in Shemansky's reanalysis of Carleton and Oldenberg's measurement of the 0,6 Einstein coefficient, i.e., 0.0901 s-l. This value has been corrected for the updated value of the N2( B, U' = l-A, U" =0) transition probability. Finally, combining our absolute values with absolute transition moment values calculated from Shemansky's oscillator strength measurements determined the transition moment function between 1.084 and 1.476 A. Figure 6 shows the fit of these two sets of transition moment values. The data quite nicely fit the function R,(r)=0.00443-0.005 82r+0.001 7512,
where R, is in units of Debye and Y is in Angstroms. We find that all three sets of band intensity measurements give relative transition moment values that are consistent with each other. However, they are not at all consistent with our measurements nor, for that matter, with Shemansky's transition moment function. Figure 7 compares the data from these three earlier sets of measurements, normalized to each other at 1.294 A, to Shemansky's quadratic function and to our functional fit from Eq. (6). The previous measurements all show a slight, but clearly identifiable convex curvature, whereas Shemansky's function and ours are both concave.
The origin of the difference between the earlier data and Shemansky's function is unclear. He depended only on the data of Broadfoot and Maran in the region between 1.27 and 1.43 A, and Broadfoot and Maran's analysis used Franck-Condon factors that most likely were good ones. Nevertheless, those data and Shemansky's function are of opposite curvature.
The differences between the earlier data and our own must relate to disparate intensity measurements or data analysis. Since we have analyzed all four sets of intensity measurements with a common set of Franck-Condon factors, Y centroids, and transition frequencies, the disagree- ment must reside either in the intensity measurements themselves or in reducing the actual measured quantities, e.g., the current flowing out of a photomultiplier anode, to physical units, such as photons s-l.
The most common source of measurement error arises in calibrating the spectroscopic measuring system for sensitivity as a function of wavelength. These calibrations involve measuring the spectrum of a lamp whose irradiance is known as a function of wavelength. Because all three of the earlier groups recorded a set of relative band intensities that were compatible with each other, we can assume that they all calibrated their spectroscopic systems with similar standards.
Our calibrations differ from those of the other groups in that our calibration standard was a deuterium lamp between 200 and 400 nm and a quartz-halogen lamp for wavelengths longer than 400 nm. The two sources agreed excellently in the region of spectral overlap 280-400 nm. The other three groups all used a tungsten strip lamp for their h-radiance standard. Perhaps the root of the problem lies in these different standards. The deuterium lamp is strictly an ultraviolet standard, whereas the tungsten lamps are very faint at wavelengths shorter than about 300 or 350 nm. Thus, making accurate intensity measurements at the shortest wavelengths is particularly difficult.
A common problem arises in accounting satisfactorily for scattered light within the monochromator. Scattered light generally will lead one to overestimate calibration lamp intensities at the shorter wavelengths. Such an error will cause band intensity measurements to be undercorrected. As a result, response corrected band intensities at short wavelengths will appear to be smaller with respect to longer wavelength band intensities than is actually the case. Such a trend is consistent with the discrepancies between the earlier data and our own.
In the present case, however, this argument is probably insufficient to rationalize the differences in the various band-intensity measurements. The discrepancies between our data and those of the other groups become most pronounced at the longer wavelengths where the standard lamp calibrations are more likely to be accurate. Another possibility might reside in augmentation of apparent band intensities by overlap with other band systems, primarily the nitrogen second-positive bands which are excited in N,(A) energy-pooling processes. Although the other groups recognized this problem and tried to apply appropriate corrections, we think our spectral fitting analysis likely accommodates overlapping emissions more accurately.
We are confident our response calibration and data analysis are correct. Using a similar approach to study the NO(B211-X211) (Ref. 26) and N2(B3&-A "2,') (Ref.
8) band systems, we have determined transition moment functions that match the best available ab initio transition moment functions forgv2' these band systems to within 5%. In addition, the variation in radiative lifetime with vibra-tion& level calculated from our transition moment functions for these two band systems follows the experimentally determined lifetime variations28129 to within 5%.
Absolute transition moment function comparison
Figure 7 also compares our transition moment function with that proposed by Shemansky.' The two functions agree fairly well between 1.08 and 1.25 A, but then begin to diverge as the internuclear distance increases further. As a result of this divergence, band intensity calculations using Einstein coefficients calculated from Shemansky's transition moment function will predict much more radiation at long wavelengths, compared to radiation levels at short wavelengths, than would be the case using Einstein coefficients calculated from our function. This difference amounts to almost a factor of 2 for transitions around 450 nm.
The difference in the shapes of the transition moment functions also results in a much steeper increase in radiative lifetime with increasing vibrational level for lifetimes calculated from our function compared to those reported by Shemansky. Table II compares radiative lifetimes calculated from the two transition moment functions. Our radiative lifetimes are larger than Shemansky's by about 25% for v'=O and the discrepancy increases to almost 60% for v'=4--6.
C. Other considerations
Shemansky has shown that the three substates of the N,(A) state do not all have the same radiative lifetime, or equivalently, each band consists of three degenerate tran- Studies aimed at determining product branching ratios in N,(A) energy transfer reactions generally use Vegard-Kaplan band intensity measurements to determine N,(A) number densities. Using our Einstein coefficients will result in somewhat larger N,(A) number densities than are obtained from Shemansky's Einstein coefficients. The larger N,(A) number densities will translate to smaller excitation rate coefficients or branching ratios. The magnitude of the correction depends on how the Vegard-Kaplan photometry has been accomplished.
In some cases, N,(A) number densities are determined by observing a single Vegard-Kaplan band, e.g., the 0,6 band for v'=O and the 1,9 or 1,lO bands for v'= 1. In this case, the appropriate corrections can be determined directly by comparing the Einstein coefficients in Table I with those in Table VI of Shemansky's paper,' being sure to apply the factor of 1.5 correction to put the two sets on a common basis.
In our work, we usually use spectral fitting techniques to determine the N,(A) number densities. The discrepancies in number densities calculated using the two different Einstein coefficient sets will then depend on the range in wavelengths over which the Vegard-Kaplan spectra have been fit. Fits over the wavelength range between 200 and 260 nm using the two different sets of transition probabilities will give N,(A, v' =0,1,2) number densities that differ from each other by less than 10%. On the other hand, fits between 400 and 500 nm will result in number densities of N,(A, v=O) 45%-50% and N,(A, v'= 1,2,3) almost 60% larger using our Einstein coefficients instead of Shemansky's.
The more normal situation is for the Vegard-Kaplan spectra to begin between 220 and 250 nm and extend to between 370 and 400 nm. In this situation, our transition probabilities will give number densities for N,(A, v'=O) 15%-20%, N, (A, v'=l) 25%-35%, and N,(A, v'=2) 40%-50% larger than those calculated from Shemansky's transition probabilities. Given a typical vibrational distribution of 1:0.6:0.2 for v' = 0,1,2, respectively, as calculated using Shemansky's Einstein coefficients, overall N,(A) number densities will be about 25% larger if calculated using our transition probabilities. This will result in product excitation rate coefficients or branching ratios7,3c-35 about 25% smaller than published values. In the case of N,(A) energy-pooling studies,'5*36 where the square of the N,(A) number density is important, the rate coefficients will decrease by about 50%. If state specific product measurements have been made, then the product formation rate coefficients have to be corrected appropriately for the individual vibrational levels.
For example, the current studies were initiated because we observed a rate coefficient for exciting NO (A) by N2 (A, v'=O) that was about 40% greater than the total rate coefficient for N,(A, v' =O> quenching by N0.7 This discrepancy initially led us to suspect a problem with the Einstein coefficients of either the nitrogen first-positive or the Vegard-Kaplan systems. Our current results indicate that N,(A) number densities in our study of the excitation of NO(A) by N,(A) were underestimated by about 20%. Using the Einstein coefficients in Table I to correct the earlier results makes the rate coefficient for NO(A) excitation by N,(A) (8.3A2.5) X lo-" cm3 molecule-' s-t, which is more in accord with the rate coefficient for N,(A) quenching by NO (6.611.0) x 10-l' cm3 molecule-' s-l although still, annoyingly, 25% larger.
Those studies also indicated that N2(A, v' = 1) excited NO(A) 22% more rapidly than does N,(A, v'=O). Correcting these results for our Einstein coefficients results in only an 8% increased efficiency for N,(A, v' = 1). This difference is smaller than the experimental uncertainty in the measurements. On the other hand, N,(A, v'>2) was determined to be only 55% as efficient at exciting NO(A) as N,(A, v' =O). Correcting this ratio will reduce this number to 45%.
Subsequent to the N2(A)/N0 work, we and others31-33 noted excess product formation in several other N2(A) energy transfer systems in which the N,(A) number densities were determined by N,(A) Vegard-Kaplan emission. In most instances, correcting the previous results with our Einstein coefficients is insufficient to resolve these discrepancies. This problem appears more to result from an addi-tional, so far unobserved metastable produced in the energy transfer reaction between Ar*( 3P2,c) and N2.
